INTRODUCTION
============

Unlike early-stage, localized prostate cancer, castration-resistant metastatic prostate cancer is incurable. Pathways involved in the regulation of prostate cancer adhesion and migration are therefore central to prostate cancer mortality. Activation of the phosphatidylinositol 3′ kinase (PI3K) pathway, due to loss of the phosphatase and tensin homologue (PTEN) tumor suppressor gene, is one of the predominant genetic and cellular changes in human prostate cancer ([@B30]). Protein kinase B (PKB/AKT) is the primary downstream mediator of PI3K signaling, and it influences numerous cellular processes, including survival, proliferation, metabolism, and migration ([@B31]). The AKT family of kinases includes three members---AKT1, AKT2 and AKT3---that share a high degree of homology. AKT1 and AKT2 are broadly expressed in most tissues, whereas AKT3 has a more limited expression pattern ([@B50]).

Several studies have investigated the specific roles of individual AKT family members in cell migration and invasion in breast and ovarian cancer, but such studies are lacking in prostate cancer. Overexpression of PI3K induces an invasive phenotype in breast and ovarian cancer cells, and similar effects are observed in cells overexpressing AKT2, but not AKT1 or AKT3, in vitro and in vivo ([@B2]). Subsequently, AKT1 has been found to function as an inhibitor of migration and invasion in breast ([@B24]; [@B51]) and ovarian cancer ([@B35]). Silencing of AKT1 increases growth factor--induced migration of MCF10A breast epithelial cells dramatically, whereas inhibition of AKT2 has no effect ([@B24]). In line with these data, overexpression of AKT1 in breast cancer cell lines inhibits cell motility and invasion ([@B51]). Thus the distinct roles for AKT1 as a migration inhibitor and AKT2 as a promigratory kinase are well defined in breast and ovarian cancer. These data have been validated in transgenic mouse models, in which AKT1 was shown to be critical for breast cancer induction and AKT2 for metastatic dissemination ([@B22]; [@B32]; [@B12]).

Recently interesting molecular details have been identified regarding the opposing functions of the highly homologous AKT family members in cell migration. The relative expression levels of AKT1 and AKT2 correlate with the expression levels of microRNA miR-200 family members and epithelial--mesenchymal transition (EMT) of MCF10A cells ([@B23]). In addition, unexpected substrate specificity may explain the distinction between AKT1 and AKT2 in breast cancer. The actin-bundling protein palladin is a specific AKT1 substrate required for AKT1-mediated inhibition of breast cancer migration ([@B10]).

Integrins are a family of adhesion receptors implicated in many important cellular processes, including cancer progression and invasion. Integrins are abundantly expressed on the surface of all cell types, except erythrocytes. Their function in cells is regulated on the level of expression but also very importantly via modulation of integrin activity (i.e., affinity toward ligands; [@B18]; [@B45]; [@B27]; [@B41]). The most abundant matrix-binding integrins are heterodimers of a specific α subunit and the common β1 subunit. Changes in the levels or activity of the β1 subunit are therefore likely to reflect the overall adhesive status of cells ([@B41]). In breast and ovarian cancer cells, AKT2-induced migration and invasion is linked to the up-regulation of β1-integrin expression ([@B2]). Recently talin-induced increase of integrin activity was shown to stimulate focal adhesion kinase signaling and invasion in prostate cancer cells ([@B43]). However, the contribution of AKT isoforms in the regulation of integrin activity has not been clearly elucidated.

In this study, we investigated the isoform-specific functions of AKT in prostate cancer and show that, unlike in breast cancer, both AKT1 and AKT2 function as negative regulators of cell migration and invasion in prostate cancer cells. We provide multiple lines of evidence to show that AKT1 and AKT2 both function as inhibitors of β1-integrin activity, migration, and invasion. Our results demonstrate a link between integrin activity and AKT and describe AKT1-mediated down-regulation of receptor tyrosine kinase (RTK) levels and AKT2-induced suppression of miR-200 family as pathways correlating with reduced integrin activity and the antimigratory effects of AKT1 and AKT2 in prostate cancer.

RESULTS
=======

AKT inhibition augments β1-integrin activity in PC3 cells
---------------------------------------------------------

Inhibitors of the PI3K pathway are undergoing clinical evaluation in prostate cancer ([@B1]). However, their efficacy in the clinical trials has been limited ([@B44]; [@B20]). This is most likely due to the complex outcome of inhibition of this pathway. In breast cancer, AKT1 has a negative regulatory role on migration and AKT2 has a positive regulatory role on migration ([@B24]; [@B13]). We recently reported a cell-spot microarray (CSMA) RNA interference (RNAi) screen for β1-integrin activity regulators in 12 cell lines by using Matrigel-spot--embedded small interfering RNA (siRNA) oligos to silence target genes ([@B39]). In this study, we focused our analysis specifically on the prostate cancer cell lines and noted that among the siRNAs that up-regulated β1-integrin activity (Supplemental Table S1), AKT1 was a strong hit. AKT1 silencing induced integrin activity in 7/8 of the cell lines studied (with either one or both of the reporter antibodies, *z* value \> +1.0), such that only in the primary prostate stromal cells was β1-integrin activity not influenced by AKT1 siRNAs ([Figure 1A](#F1){ref-type="fig"}; efficiency of the AKT1 siRNA used in the screen are shown in Supplemental Figure S1). This indicates that AKT1 functions as a negative regulator of β1-integrin activity in both androgen-sensitive (VCaP, MDAPCA2a, 22RV1, RWPE1) and androgen-insensitive (PC3, ALVA31) prostate cancer cell lines, as well as in primary prostate epithelial cells. This was also evident in the micrographs taken from PC3 cells growing on control or AKT1 siRNA-containing array spots ([Figure 1B](#F1){ref-type="fig"}). This is interesting because AKT1 function has not been directly linked to regulation of integrin activity, and the possible role of AKT1 in prostate cancer cell migration remains poorly studied.

![AKT1 is an inhibitor of β1-integrin activity in several different prostate cell lines. (A) The number of individual AKT1 siRNAs (*y*-axis) affecting β1-integrin activity in different prostate cell lines with *z* scores \> +1 (the siRNA numbers with average siRNA *z* scores \[*n* = 2\] are indicated below the columns). (B) Representative images of AKT1- and control-silenced PC3 cells from array spots stained as indicated. Scale bar: 10 μM.](3357fig1){#F1}

To investigate the role of AKT kinases in integrin regulation in more detail, we chose PC3 cells for further studies, as this cell line is highly migratory and invasive ([@B40]; [@B39]). Western blot analysis revealed that PC3 cells express all three AKT isoforms ([Figure 2A](#F2){ref-type="fig"}). First, we treated PC3 cells with a pan-AKT inhibitor, triciribine (AKTi), to achieve efficient inhibition of all AKT isoforms. Long-term treatment (20 h) with the inhibitor significantly reduced the levels of phosphorylated AKT (Thr-308 and Ser-473 sites) as well as all the AKT isoforms in the cells ([Figure 2A](#F2){ref-type="fig"}). It was unlikely that this was due to an overall reduction in protein levels, as β1-integrin expression remained unaltered compared with untreated cells ([Figure 2A](#F2){ref-type="fig"}). Furthermore, the number of live cells was not significantly reduced by the inhibitor (12% reduction; n.s.; [Figure 2B](#F2){ref-type="fig"}).

![Inhibition of AKT kinases increases integrin activity and adhesion in PC3 cells. (A) Western blot analysis of lysates from AKTi-treated (10 μM for 20 h) PC3 cells with the indicated antibodies. Shown are representative blots of three independent experiments. Numbers below the bands indicate fold change of protein level normalized against tubulin and compared with DMSO control cells. (B) Proliferation of DMSO- or AKTi-treated PC3 cells was analyzed by using WST-1 reagent (mean ± SEM). The data are from a representative experiment of three. (C) FACS analysis of cell surface β1-integrin from DMSO- or AKTi-treated PC3 cells stained with 12G10 and total β1-integrin antibody (K20) (mean fluorescence intensity relative to DMSO cells ± SEM, *n* = 3; \*, *p* \< 0.05). (D) Adhesion (30 min) of DMSO- or AKTi-treated PC3 cells was analyzed in wells coated with different concentrations of collagen. Adherent cells were detected with crystal violet, and absorbance was measured at 620 nm (mean ± SEM, four technical replicates/experiment; \*, *p* \< 0.05, \*\*, *p* \< 0.005). The experiment was repeated twice with similar results.](3357fig2){#F2}

Conformation-specific monoclonal antibodies and labeled ligands, such as fibronectin, are widely used as reporters for β1-integrin activity ([@B6]; [@B40]). To investigate the effect of pan-AKT inhibition on β1-integrin activity in PC3 cells, we used 12G10, an antibody specifically recognizing active β1-integrin or the pan-β1 antibody K20. Staining of cell surface integrins followed by fluorescence-activated cell-sorting flow cytometry (FACS) demonstrated that AKTi-treated cells expressed significantly more active β1-integrin on the cell surface compared with untreated or dimethyl sulfoxide (DMSO)-treated cells ([Figure 2C](#F2){ref-type="fig"}). This effect was specifically due to induction of the active conformation of the receptor, since total cell surface β1-integrin levels (K20 staining) remained unaltered ([Figure 2C](#F2){ref-type="fig"}). In line with the increased integrin activity, AKTi-treated cells displayed significantly enhanced adhesion to collagen over a wide range of ligand concentrations ([Figure 2D](#F2){ref-type="fig"}). Taken together, these data suggest that signaling mediated through AKT kinases negatively influences the activity and ligand binding of β1-integrins in PC3 cells.

AKT1 and AKT2 inhibit β1-integrin activity
------------------------------------------

We next investigated the relative contributions of the individual AKT isoforms on the regulation of integrin activity. siRNA-mediated silencing efficiently and specifically reduced the expression of each isoform ([Figure 3A](#F3){ref-type="fig"}) without significant effects on PC3 cell viability ([Figure 3B](#F3){ref-type="fig"}). Staining of cell surface β1-integrins in the silenced cells showed that AKT1 siRNA and AKT2 siRNA increased integrin activity by 1.4-fold and by 1.6-fold, respectively, whereas AKT3 siRNA had no significant effect on β1-integrin activity in the cells on plastic ([Figure 3C](#F3){ref-type="fig"}). No difference was observed in the total cell surface β1-integrin expression ([Figure 3C](#F3){ref-type="fig"}). These data were further validated by analyzing the binding of a labeled fibronectin fragment to the silenced cells using FACS (Figure S2A) and with additional siRNA oligos targeting AKT1 or AKT2 (Figure S2, B and C), demonstrating that the effect of AKT1 or AKT2 silencing on β1-integrin activity was specifically due to loss of expression of the kinase, rather than off-target effects.

![Silencing of AKT1 and AKT2 isoforms enhances cell surface and total levels of β1-integrin activity. (A) Western blot analysis of AKT-silenced PC3 cells. Cells were treated with the indicated siRNAs for 72 h and blotted with AKT isoform--specific antibodies or tubulin to control for equal loading. Representative blots from three independent experiments with similar results are shown. Numbers below the bands indicate fold change of protein level normalized against tubulin and compared with control siRNA--transfected cells. (B) Proliferation of AKT-silenced PC3 cells was analyzed using WST-1 reagent (mean ± SEM). The data are from a representative experiment of three. (C) FACS analysis of cell surface β1-integrin from control or AKT isoform--specific siRNA-treated PC3 cells stained with 12G10 and total β1-integrin antibody (K20) (mean fluorescence intensity relative to DMSO cells ± SEM; *n* = 3; \*, *p* \< 0.05, \*\*, *p* \< 0.005). Different numbers after the siRNAs indicate independent siRNA oligos. (D) Representative images from 12G10- and K20-stained, adherent, AKT-silenced cells stained as in (E). Scale bar: 10 μm. (E) ScanR microscopy analysis of levels of β1-integrin from adherent PC3 cells silenced as indicated. Adherent cells were fixed, permeabilized, and stained as indicated (\>5000 cells/condition). Combined results from two individual experiments are shown (4 wells/experiment; the means, error bars, and *p* values are the averages of these eight replicas; mean fluorescence intensity relative to siRNA control cells: \*, *p* \< 0.05, \*\*, *p* \< 0.005).](3357fig3){#F3}

Because PC3 cells have very rapid endosomal traffic of active β1-integrins from the cell surface ([@B3]), we tested the effects of AKT1 or AKT2 silencing to the total levels of active β1-integrin in cells. The analysis of β1epitope (12G10) staining from adherent siRNA-transfected cells following fixation and permeabilization also showed increased total levels of active β1-integrin in the cytoplasm ([Figure 3D](#F3){ref-type="fig"}). ScanR automated microscope imaging and quantification of more than 5000 cells/transfection showed that AKT1 or AKT2 silencing also significantly increased the expression of 12G10 in adherent cells without influencing the total β1-integrin expression (K20; [Figure 3E](#F3){ref-type="fig"}). Thus our data show that both AKT1 and AKT2 inhibit integrin activity in PC3 cells.

AKT1 and AKT2 regulate focal adhesions
--------------------------------------

Integrin-mediated adhesion to matrix triggers the formation of focal adhesions. These are complex assemblies of adhesion receptors, signaling molecules, and scaffold proteins (e.g., vinculin) that link the extracellular matrix to the actin cytoskeleton ([@B52]; [@B28]). The finding that AKT inhibition induced integrin-mediated adhesion in PC3 cells ([Figure 2D](#F2){ref-type="fig"}), prompted us to investigate focal adhesions in AKT-silenced cells. In control siRNA--transfected PC3 cells, only a limited number of vinculin-positive clusters (clusters bigger than 50 pixel were scored as focal adhesions) were detected. However, silencing of AKT1 or AKT2 significantly increased the number of focal adhesions in PC3 cells. The AKT-silenced cells also appeared to spread more, and the focal adhesions were mainly detected at the cell periphery ([Figure 4A](#F4){ref-type="fig"}). In addition to focal adhesion number ([Figure 4B](#F4){ref-type="fig"}), also their size (based on vinculin fluorescence intensity) was significantly increased ([Figure 4C](#F4){ref-type="fig"}).

![AKT1 and AKT2 regulate focal adhesions. (A) Confocal microscopy images from PC3 cells silenced with the indicated siRNAs. Cells were stained with vinculin antibody. Scale bar: 10 μm. (B) The number of vinculin-positive focal adhesions (FA) and (C) mean fluorescence intensity of vinculin per focal adhesion were analyzed with ImageJ (mean ± SEM; *n* = 3; 10 cells/transfection; \*\*\*, *p* \< 0.001).](3357fig4){#F4}

Thus AKT1 and AKT2 function as negative regulators of focal adhesions in PC3 cells.

AKT1 and AKT2 silencing induces migration and invasion
------------------------------------------------------

In PC3 cells, silencing of both AKT1 and AKT2 induced integrin activation. This encouraged us to investigate the effect of AKT silencing on cell migration in these cells using two different migration models. First, we performed time-lapse imaging of PC3 cells randomly migrating on plastic. Silencing of AKT1 induced a small but significant increase in the migration distance (path length), whereas the effect on persistence (distance to start and trajectories) was more evident ([Figure 5, A--C](#F5){ref-type="fig"}). Silencing of AKT2 or AKT3 had no effect on migration distance on plastic, but interestingly, AKT3 silencing increased the persistence of PC3 cells on plastic (Figure S3, A and B). We then analyzed migration of the silenced cells on fibroblast-produced cell-derived matrix (CDM; [@B16]), in which the requirements for migration are more like those in a three-dimensional environment. Interestingly, the migration of PC3 cells along the matrix tracks (path length, distance to start, and trajectories) in these conditions was significantly induced by AKT2 silencing, whereas the increase in AKT1-silenced cells did not reach significance (*p* = 0.2), and AKT3 silencing had no significant effect ([Figures 5, D--F](#F5){ref-type="fig"}, and S3, C and D).

![AKT kinases regulate prostate cancer cell motility. Migration of AKT-silenced PC3 cells on plastic or on CDM was followed by time-lapse imaging for 21 h at 20 min intervals. Quantification of path length (A and D) and distance to start (B and E) are shown (mean ± SEM; \*, *p* \< 0.05, \*\*, *p* \< 0.005; 46--62 cells were analyzed for (B) and 130 cells were analyzed for (E) from one representative experiment of three experiments). Representative cell tracks from cells silenced as indicated are shown (C and F).](3357fig5){#F5}

Because increased migration on CDM often correlates with induced invasion ([@B48]; [@B7]), we next evaluated the role of AKT1, AKT2, and AKT3 in a three-dimensional invasion assay. PC3 cells were transfected with the indicated siRNAs and plated on the bottom of Ibidi μ-slide wells (ibidi GmbH). Invasion through Matrigel toward increasing serum concentrations was monitored after 4 d. Confocal imaging of the invading cells revealed that silencing of AKT1 and AKT2 significantly induced PC3 cell invasion, but AKT3 silencing had no effect ([Figure 6A](#F6){ref-type="fig"}). This was most likely due to the increased β1-integrin activity, since a function blocking anti--β1 antibody (Mab13) inhibited invasion of AKT1- and AKT2-silenced PC3 cells in Matrigel and reduced it to the levels of Mab13-treated control cells ([Figure 6B](#F6){ref-type="fig"}). Therefore both AKT1 and AKT2 function as anti-invasive kinases in these prostate cancer cells.

![AKT kinases regulate prostate cancer cell invasion. (A) Invasion of AKT-silenced PC3 cells in Matrigel. siRNA-transfected cells were allowed to invade for 4 d and were then stained with Alexa Fluor 488 phalloidin. Cells were imaged with confocal microscopy. Side view (*z*-axis) of invading cells and *x-y* views of cells from the bottom (20 μm) and close to the top (invaded distance: 70 μm) of the Matrigel plug. Arrow indicates invasion direction. Analysis of invasion area was done with ImageJ (mean ± SEM; \*, *p* \< 0.05, \*\*, *p* \< 0.005; eight invasion areas were analyzed per experiment; *n* = 2). (B) Invasion of AKT-silenced and Mab13-treated PC3 cells (mean ± SEM; \*\*, *p* \< 0.005, \*\*\*, *p* \< 0.0005; eight invasion areas were analyzed per experiment; *n* = 2).](3357fig6){#F6}

AKT2 silencing induces miR-200, and miR-200a expression results in increased integrin activity and migration
------------------------------------------------------------------------------------------------------------

miRNAs are small (∼22 nucleotide) RNAs that regulate gene expression posttranscriptionally in a sequence-specific manner to influence cell differentiation, survival, and response to environmental cues ([@B4]). Each miRNA may regulate the expression of many target genes. AKT isoforms were recently shown to differentially regulate the abundance of microRNA miR-200 family in breast epithelial cells, such that their levels are reduced in cells with activated AKT2 ([@B23]). This prompted us to analyze miR-200 family members 200a and 200b in prostate cancer cells. We investigated their levels by real-time reverse transcription PCR (qRT-PCR; [Figure 7A](#F7){ref-type="fig"}). Silencing of AKT2 significantly induced both miR-200a and miR-200b microRNAs, whereas silencing of AKT1 resulted in modest reduction of miR-200 ([Figure 7A](#F7){ref-type="fig"}). We further investigated the link between AKT2 and miR-200 by overexpressing AKT2 in PC3 cells. AKT2 reduced miR-200a levels but had no effect on miR-200b levels ([Figure 7B](#F7){ref-type="fig"}).

![AKT1 and AKT2 kinases differ in their regulation of the levels of miR-200 family members. (A) qRT-PCR analysis of miR-200a and miR-200b levels from AKT1- and AKT2-silenced PC3 cells. RNA of siRNA-transfected PC3 cells was isolated and subjected to qRT-PCR analysis. (B) Western blot and qRT-PCR analysis of AKT2 protein levels and miR-200a and miR-200b levels from empty control plasmid or AKT2-transfected PC3 cells. (C) FACS analysis of cell surface β1-integrins from pre-miRNA--transfected PC3 cells stained with 12G10 and K20 (mean fluorescence intensity relative to control cells ± SEM; *n* = 2). (D) Confocal microscopy images from pre--miRNA-transfected PC3 cells. Cells were stained with vinculin antibody. Scale bar: 10 μm. (E) Migration of pre--miRNA-transfected PC3 cells was followed by time-lapse imaging for 21 h at 20 min intervals. Quantification of the path length (mean ± SEM; *n* = 65; \*\*\*, *p* \< 0.001). (F) Invasion of pre--miRNA-transfected PC3 cells (mean ± SEM; \*, *p* \< 0.05; eight invasion areas were analyzed per experiment; *n* = 3).](3357fig7){#F7}

While several studies have linked miR-200 to inhibition of EMT, in vivo breast cancer models have indicated that miR-200 enhances breast cancer cell metastasis ([@B14]). In addition, invasive melanoma cells have been shown to increase levels of miR-200 ([@B15]). Thus the effect of miR-200 on migration appears to be dependent on cell type and context. Because we found that AKT2 silencing increases integrin activity and migration, we wanted to test whether miR-200 expression in these cells would have the same effects. To test this, we transfected pre-miR200a or pre-miR200b to PC3 cells, and validated overexpression using qRT-PCR (unpublished data). FACS staining of cell surface integrins revealed up-regulation of active β1-integrin (but not total β1) in both miR-200a-- and miR-200b--transfected cells ([Figure 7C](#F7){ref-type="fig"}). In melanoma cells, miR-200 family member 200a results in an elongated and protrusive mode of invasion ([@B15]), characteristic of integrin-dependent cell motility ([@B17]). In line with this, miRNA-200a induced the size of vinculin-positive focal adhesions (mean fluorescence intensity of vinculin per focal adhesion: 35%, *p* \< 0.001, 10 cells) and there was a trend for increased the vinculin-positive focal adhesion number (mean fluorescence intensity of vinculin per focal adhesion: 28%, *p* = 0.06, 10 cells; [Figure 7D](#F7){ref-type="fig"}), such that it reflected the effect of AKT2 silencing ([Figure 4A](#F4){ref-type="fig"}). In line with these data, overexpression of miR-200a significantly increased PC3 cell migration as analyzed with time-lapse microscopy ([Figure 7E](#F7){ref-type="fig"}) and also induced a modest but significant increase in invasion into Matrigel ([Figure 7F](#F7){ref-type="fig"}). Thus, in PC3 cells, AKT2 silencing induces miR-200 family, and miR-200 overexpression increases integrin activity and migration.

AKT1 silencing up-regulates RTK expression and activity
-------------------------------------------------------

Cross-talk with integrins and RTKs is well established. Several RTKs, including epidermal growth factor receptor (EGFR) and hepatocyle growth factor receptor (c-MET), are known to positively regulate integrins and, conversely, integrin-mediated adhesion has been linked to ligand-independent activation of RTKs ([@B37]; [@B36]; [@B25]). Several oncogenes are known to trigger feedback-inhibitory loops in cells ([@B11]), and AKT inhibition has been show to relieve feedback suppression of several RTKs in cancer cells ([@B9]). Interestingly, we also observed that silencing of AKT1 induced an increase in the levels of some phosphorylated RTKs. We used an anti-phosphotyrosine receptor antibody array to compare levels of 42 active RTKs in AKT1- or AKT2-silenced and control-transfected PC3 cells. In PC3 cells, the most strongly phosphorylated RTKs were MET and EGFR ([Figures 8A](#F8){ref-type="fig"} and S4A). On AKT1 silencing, the levels of both of these phosphorylated RTKs were increased by more than twofold compared with control siRNA--treated cells. In addition, up-regulation of several other less abundant phospho-RTKs was also observed in AKT1-silenced cells ([Figure 8B](#F8){ref-type="fig"}). In contrast, AKT2 silencing did not induce up-regulation of these RTKs, apart from the strong up-regulation of platelet-derived growth factor α receptor (PDGFRα; [Figure 8A](#F8){ref-type="fig"}). The up-regulation of EGFR and MET was confirmed with Western blotting of AKT1 siRNA and control siRNA--transfected PC3 cells (Figure S4B). Thus silencing of AKT1 in these PC3 cells correlates with up-regulation of a number of active RTKs to the increased integrin activity observed upon AKT1 silencing.

![Silencing of AKT1 increases activation and total levels of EGFR and c-Met. (A) Control and AKT1- and AKT2-silenced PC3 cell lysates were applied to phospho-RTK arrays. (B) Changes in RTK levels between control siRNA and siAKT1- and siAKT2-transfected cells were quantified and are indicated in the table. (C and D) AKT1, but not AKT2, expression anticorrelates with MET expression in prostate carcinoma samples (*n* = 208 patients) as analyzed by cDNA microarray expression analysis ([@B26]). In contrast, both AKT1 and AKT2 expression highly correlate with MET expression in skin cancers (*n* = 147 patients). (E) Model for AKT-dependent regulation of β1-integrin activity in prostate cancer cells. Integrins and RTKs trigger signaling pathways that include activation of AKTs. Activated AKT1 signals via a negative feedback loop to suppress expression of RTKs ([@B9]), as well as cell surface levels of active RTKs ([@B9]) and β1-integrins (shown here). AKT2 signals to down-regulate miR-200a, which contributes to increased β1-integrin activity in PC3 cells via an unknown mechanism. Silencing of AKT1 or AKT2 (red crosses) induces integrin activity via these two pathways (red text) and contributes to increased migration and invasion of prostate cancer cells.](3357fig8){#F8}

The negative correlation between AKT1 and MET was particularly intriguing and prompted us to investigate whether these in vitro findings correlate with the in vivo situation in clinical samples. In silico meta-analysis of 208 prostate cancer samples and 147 skin tumors ([@B26]) revealed that *AKT1* mRNA levels showed a strong anticorrelation with *MET* mRNA levels specifically in prostate, but not in skin cancers ([Figure 8C](#F8){ref-type="fig"}). In contrast, *AKT2* levels correlated to some extent with *MET* levels in both cancer types ([Figure 8D](#F8){ref-type="fig"}), indicating that the expression of antimigratory kinase AKT1 in vivo also correlates with the reduced expression of a well-established promigratory RTK, namely MET.

DISCUSSION
==========

Activation of the PI3K pathway is implicated in many cancer types, and PI3K or its downstream components, including AKTs, are considered attractive targets for inhibitors. However, several studies have highlighted the complexity of biological outcomes obtained upon AKT inhibition ([@B24]; [@B13]; [@B9]), including the potential cell type--specific effects of AKT isoforms on cell migration and invasion ([@B15]). We used our recent high-throughput RNAi screen to study prostate cancer cells ([@B39]) as a basis for this study and identified AKT1 as an inhibitor of β1-integrin activity. On detailed investigation of the specific roles of the different AKT isoforms, we found that down-regulation of AKT1 and AKT2, but not AKT3, induced activity of cell surface β1-integrins and enhanced adhesion, migration, and invasion ([Figure 8E](#F8){ref-type="fig"}).

To the best of our knowledge, AKT1 and AKT2 have not been directly implicated in the regulation of β1-integrin conformation on the cell surface. However, several excellent studies in breast and ovarian carcinoma both in vitro and in vivo have demonstrated that in these cancer types, AKT1 functions as an inhibitor of invasion, whereas AKT2 activity has the opposite effect on motility and cancer dissemination ([@B2]; [@B24]; [@B35]). These functions appear rather cell type--specific and context-specific, since AKT1 is promigratory in fibroblasts ([@B53]), and an RNAi screen in MCF10A cells identified both AKT1 and AKT2 as promigratory ([@B46]). The role of AKTs in the regulation of focal adhesions is also context dependent. AKT activity has been shown to function as a positive regulator of focal adhesion, but AKT2 has been shown to decrease focal adhesions ([@B49]). However, details regarding the mechanistic differences underlying isoform specificity downstream of AKTs remain incompletely understood. In this study, we show that the pathways correlating with integrin activity inhibition in prostate cancer cells are distinct for AKT1 and AKT2. Silencing of AKT1 relieves a feedback suppression of expression and activity of RTKs such as EGFR and MET. This might be linked to the established positive cross-talk between β1-integrins and these RTKs ([@B25]). Furthermore, our analysis of gene expression in clinical tumor samples showed that AKT1 mRNA levels anti-correlate with *MET* mRNA levels in prostate cancer. Silencing of AKT2, on the other hand, induced up-regulation of miR-200 family microRNAs, and overexpression of miR-200a and miR-200b is sufficient to induce integrin activity in PC3 cells. Thus our data define an inhibitory role for both AKT1 and AKT2 in prostate cancer migration and highlight two distinct signaling pathways triggered by AKT1 or AKT2 silencing that correlate with alterations in integrin activity ([Figure 8E](#F8){ref-type="fig"}).

Studies of the AKT isoforms in clinical prostate cancer samples have shown that more than 60% of cancerous tissues overexpressed all three AKT isoforms. Interestingly, in this study, expression of a given AKT isoform correlated with rather different clinically significant prognostic parameters ([@B29]), suggesting a distinct role for the isoforms in vivo in cancer. In our recent high-throughput RNAi screen for integrin activity regulators ([@B49]) in VCAP, an androgen-dependent prostate cancer cell line AKT3 was identified as a positive regulator for integrin activity ([@B39]). In the subsequent secondary screens with four additional siRNA oligos and 12 cell lines from different cancer types, AKT3 silencing inhibited β1-integrin activity in five out of 12 cell lines and significantly increased β1 activity in one of the cell lines ([@B39]). In light of the growing amount of data on AKT isoforms in cancer and the data presented here (with no significant β1 inhibition by AKT3 observed in PC3 cells on plastic), the highly context-dependent nature of AKT-mediated control on cell motility is becoming increasingly obvious.

Several studies have demonstrated functional cross-talk between integrins and RTKs in different cell types. We show here that loss of AKT1 in PC3 cells induces up-regulation of the levels of several active RTKs, which is in line with a recent publication investigating the biological outcome of long-term pharmacological AKT inhibition ([@B9]). Furthermore, we observed a significant anti-correlation between AKT1 and c-MET mRNA expression, specifically in clinical prostate tumor samples. This prompted us to investigate whether up-regulation of the two most abundant RTKs, MET and EGFR, was sufficient to duplicate AKT1 silencing--induced β1-integrin activation. However, mere overexpression or silencing of either kinase alone or the two in conjunction was not sufficient to influence β1-integrin activity in these cells (unpublished data), suggesting that the AKT1-specific inhibitory effect is likely to be influenced by several of the seven up-regulated kinases and their downstream signaling to activate, for example, extracellular signal--regulated kinases (ERK). Recently AXL was found to be necessary for vascular endothelial growth factor (VEGF)-induced signaling downstream of VEGFR2 in endothelial cells ([@B42]). Interestingly, silencing of AKT1 in PC3 cells also results in strong up-regulation of VEGFR2. This raises the possibility that Axl and VEGFR2 function together to regulate integrins in these cells. However, this remains to be investigated. Another possibility would be that AKT1-induced inhibition of the expression of kinases such as AXL in these cells would suppress an EMT phenotype ([@B19]; [@B47]) and thus negatively influence migration.

Our data suggest that one target of the inhibitory activity of AKT2 in prostate cancer is miR-200 family expression. While the exact mechanistic link between AKT2 silencing and induction of miR-200 remains to be investigated, we show that increased miR-200 levels correlate with increased integrin activity, focal adhesion formation, and migration. These data are consistent with the observation that up-regulation of miR-200 correlates with increased cancer dissemination in breast cancer in mice and invasion in melanoma cells ([@B14]; [@B15]) but is in obvious conflict with the published role of miR-200 as an EMT suppressor in breast cancer cells ([@B23]). The relationship between miR-200 family members and migration or invasion in prostate cancer is likely to be complex. A recent study showed that PDGF-D--induced EMT and invasion in PC3 cells was inhibited by miR-200b. However, our studies highlight the possibility that the function of cancer-linked miRNAs can also be context dependent and may vary between different cancer types.

Taken together, our data highlight an important and previously unknown difference between breast and prostate cancer with respect to the distinct roles for the AKT isoforms in the regulation of cell motility and invasion. The picture emerging from this work and studies by others is a complex one and warrants careful assessment of cancer type--specific biological outcomes if oncogenic PI3K signaling is targeted in the clinical setting.

MATERIALS AND METHODS
=====================

CSMA screening
--------------

CSMA screening is described in [@B39]).

Cell lines, inhibitors, and transfections
-----------------------------------------

PC3 human prostate cancer cell line was grown in RPMI 1640 medium supplemented with 1% [l]{.smallcaps}-glutamine, 10% fetal bovine serum, and 1% penicillin--streptomycin. The PAN-AKT inhibitor AKTi (10 μg/ml; [www.proteinkinase.de](http://www.proteinkinase.de)) and DMSO as a negative control were used for 20 h. siRNA-mediated silencing and pre-miRNA transfections were done using HiPerFect transfection reagent (Qiagen, Valencia, CA) according to the manufacturer´s protocol, and the cells were cultured for 2--3 d. Annealed siRNAs against AKT1 (four: Hs_AKT1_5 Flexitube siRNA, Hs_AKT1_8 Flexitube siRNA, Hs_AKT1_10 Flexitube siRNA, Hs_AKT1_11 Flexitube siRNA), AKT2 (two: Hs_AKT2_5 Flexitube siRNA, Hs_AKT2_6 Flexitube siRNA), AKT3 (Hs_AKT3_2 HP siRNA), and GAPDH (Hs_GAPDH_3 HP validated siRNA) were used as negative controls at 60 nM final concentrations (all were from Qiagen). Human pre-miRNA precursors for miR-200a and miR-200b and pre-miR negative control were used at 20 nM final concentrations (Ambion, Austin, TX). Plasmid transfections were done using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA) according to the manufacturer´s protocol, and the cells were cultured for 24 h. Both plasmids, pcDNA3.1 as a negative control and pcDNA3_Hygro_HA_AKT2 (plasmid 16000 from Morris Birnbaum, University of Pennsylvania, Philadelphia, PA), were from Addgene.

Antibodies
----------

The following antibodies were used in this study: 12G10 (active β1-integrin \[ [@B6]\]; FACS 1:100, immunofluorescence 1:100; Abcam, Cambridge, MA), K20 (total β1-integrin \[ [@B6]\]; FACS 1:100; Immunotech, Marseille, France), and Mab13 as a β1-integrin function--blocking antibody (inactive β1-integrin \[ [@B6]\]; invasion assay 5 μg/ml; BD PharMingen, San Diego, CA). For Western blotting, the following antibodies were used: AKT1 (1:1000; Cell Signaling Technology, Danvers, MA), AKT2 (1:1000; Cell Signaling Technology), AKT3 (1:1000; Cell Signaling Technology), PAN-AKT (1:1000; Cell Signaling Technology), pAKT Ser473 (1:1000; Cell Signaling Technology), pAKT Thr308 (1:1000; Cell Signaling Technology), pGSK 3β Ser9 (1:1000; Cell Signaling Technology), β1-integrin (MAB2252; 1:1000; BD Transduction Laboratories, Franklin Lakes, NJ), p-Met Tyr1234/1235 (1:1000; Cell Signaling Technology), Met (L41G3) (1:1000; Cell Signaling Technology), p-EGFR Tyr1068 (1:500; Cell Signaling Technology), EGF receptor (1:1000; Cell Signaling Technology), and α-tubulin 12G10 (1:1000; Hybridoma Bank, University of Iowa, Iowa city, IA). Vinculin was used to stain focal adhesions (1:10000; Sigma-Aldrich, St. Louis, MO) and Alexa Fluor 488/647--conjugated phalloidin (1:50; Molecular Probes, Eugene, OR) was used to stain filamentous actin. Secondary antibodies conjugated with Alexa Fluor 488 or 647 were used in immunofluorescence, FACS, and ScanR (1:400; Invitrogen).

Western blot assay
------------------

Western blot assay was performed as described in [@B33]).

Flow cytometry and ScanR
------------------------

The FACS staining was performed as described earlier ([@B5]). Briefly, fixed cells were washed with Tyrodes buffer (10 mM HEPES-NaOH at pH 7.5, 137 mM NaCl, 2.68 mM KCl, 1.7 mM MgCl~2~, 11.9 mM NaHCO~3~, 5 mM glucose, 0.1% bovine serum albumin \[BSA\]) and stained with primary antibodies against active β1-integrins (12G10, 1:100), total β1-integrin (K20, 1:50) or with secondary antibody only in control cells for 1 h. Cells were then washed with Tyrodes buffer and stained with Alexa Fluor 488--conjugated secondary antibody (1:400). After being washed, cells were suspended in Tyrodes buffer, and fluorescence was analyzed with flow cytometry (FACScalibur; BD Biosciences, Franklin Lakes, NJ). For analyzing the binding of labeled fibronectin repeat 7--10 ([@B38]), cells in Tyrodes buffer were incubated with the ligand (250 μg/ml) for 30 min at room temperature. After being washed, cells were fixed and measured with flow cytometry. ScanR analysis was done as described in [@B40]), except Hoechst 33342 was used to stain DNA.

Proliferation and adhesion assays
---------------------------------

Inhibitor or siRNA-treated cells (\[3--5\] × 10^3^) in 100 μl medium were plated on Costar 96-well plates with clear bottoms (Corning, Corning, NY). After 24 h for measurement of proliferation, 10 μl of WST-1 reagent was added and incubated for 45 min at 37ºC. Absorbance was measured at 450 nm with Envision multilabel plate reader (Perkin Elmer-Cetus, Waltham, MA). For adhesion assays, 96-well plates were coated with different concentrations of collagen I (Calf skin Collagen I; Sigma-Aldrich) in phosphate-buffered saline (PBS) overnight at 4ºC. Wells were washed once with PBS and blocked with 0.5% BSA in PBS for 1 h at 37ºC. Inhibitor-treated cells (10 × 10^3^) in serum-free medium were allowed to adhere for 20 min at 37ºC. Wells were washed with cold PBS, fixed in cold 4% paraformaldehyde, and stained with 0.05% crystal violet for 10 min, which was followed by washing with Milli-Q water (MQ) and drying. Then 100 μl of 10% acetic acid was added, and absorbance was measured at 620 nm with a Victor2V multilabel reader (Perkin Elmer-Cetus).

Immunofluorescence
------------------

siRNA-treated cells were plated on acid-washed coverslips and allowed to adhere and spread. The following day, cells were washed with cold PBS, fixed in cold 4% paraformaldehyde, washed with PBS, permeabilized with 0.1% Triton X-100 in 2% BSA/PBS for 15 min at room temperature, washed with PBS, and blocked with 1 mM MgCl~2~, 1 mM ethylene glycol tetraacetic acid in 2% BSA/PBS for 1 h at room temperature. Indicated primary antibodies diluted in blocking buffer were then added and the cells were incubated overnight. After cells were washed three times with PBS, Alexa-conjugated secondary antibodies were added for 1 h at room temperature. Coverslips were washed with PBS and MQ and mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) containing 4′6-diamidino-2-phenylindole (DAPI) to counterstain nuclei. Confocal three-dimensional images were taken with a Zeiss Axiovert 200 M with a spinning-disk confocal unit (CSU22; Yokogawa, Japan) and a Zeiss Plan-Neofluar 63× oil immersion lens/1.4 numerical aperture (NA) objective (Carl Zeiss Microscopy, Thornwood, NY) and analyzed with ImageJ (<http://rsb.info.nih.gov/ij/download.html>).

Migration and invasion assays
-----------------------------

For live-cell imaging, CDM was generated by using NIH 3T3 fibroblasts as described previously in [@B8]). AKT or control silenced cells were seeded sparsely on plastic or on CDM and allowed to adhere for ∼5 h before imaging was started. Phase-contrast images were taken every 18 or 20 min for 20--22 h with a Zeiss inverted wide-field microscope with an El Plan-Neofluar 10×/0.5 NA objective and equipped with a heated chamber (37ºC) and CO~2~ controller (4.8%). Cell movement (the path length and distance to start) was measured by tracking the cell body, defined as a nucleus, during the imaged time. The ImageJ MTrackJ ([@B34]) was used for the analysis. The invasion assay was done as described in [@B21]), except siRNA mix (70 nM siRNA and HiPerFect transfection reagent, used according to the manufacturer\'s protocol) was included in the Matrigel when the Matrigel was added. Mab13 antibody was used to block the function of β1-integrin. Cells were preincubated with 5 μg/ml Mab13 antibody, and Matrigel was also supplemented with this antibody.

qRT-PCR
-------

Cells were detached with trypsin/EDTA solution, and cellular RNA was isolated with Trizol reagent (Invitrogen). RNA (20 ng) was used as a template for the RT reaction, and 1/10 of the synthesized cDNA was used for qRT-PCR. Primers and probes for miR-200a, miR-200b, and endogenous control (U6B) were included in Taqman MicroRNA Assay kits (Applied Biosystems, Bedford, MA). qRT PCR was performed according to manufacturer´s instructions (Applied Biosystems). The expression of miR-200a and miR-200b was determined by the quantitation method using U6B as a control.

RTK arrays
----------

pRTK array was utilized according to manufacturer´s instructions (R&D Systems, Minneapolis, MN). Briefly, array membranes were blocked and lysates of AKT-silenced PC3 cells were incubated with membranes overnight. After the cells were washed, anti--phospho-tyrosine-horseradish peroxidase detection antibody was added, and the cells were incubated for 2 h at room temperature; this was followed by washing. Membranes were exposed to chemiluminescent reagent and exposed to x-ray film. Quantification of pixel intensities was done with ImageJ.

Statistical analysis
--------------------

All statistical analyses were done using Student´s *t* test.
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:   β1-integrin epitope

AKTi

:   triciribine
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:   bovine serum albumin
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:   cell-derived matrix
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:   cell-spot microarray
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:   4′6-diamidino-2-phenylindole
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:   dimethyl sulfoxide

EMT

:   epithelial--mesenchymal transition
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:   fluorescence-activated cell-sorting flow cytometry

miR

:   microRNA
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:   phosphate-buffered saline

PI3K

:   phosphatidylinositol 3′ kinase

PKB/AKT

:   protein kinase B

PTEN

:   phosphatase and tensin homologue

RNAi

:   RNA interference

RTK

:   receptor tyrosine kinase

siRNA

:   small interfering RNA
